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Administration for use in the United States. 16 We have been using ROSA for DBS surgery since 2016. 20 The ROSA instructions recommended a conventional registration method of placing the tip of the registration probe in a position tangent to the groove of the bone screws. 6, 7, 16 In practice, we found that shifting the probe tip slightly off the groove might improve registration accuracy. Herein, we conducted a study to investigate the accuracy of the ROSA device, first in a skull model, then in a clinical situation.
Methods The First Step: Skull Model Study
We used bone screws as fiducial markers, 3 that were 10 mm long, 10 that were 15 mm long, and 3 that were 20 mm long (2023-VG, ALCIS Co.). We used the ROSA robotic system (MedTech) for the surgery. The skull model was created by the Baizhou Company. A total of 16 bone markers were randomly fixed on the skull model surface. Three-dimensional head CT (GE-Discovery-CT-750, USA) was performed at a room temperature of 24°C. Scanning parameters were as follows: spiral scanning, 120 KV, 300 mA, 5-mm slice thickness. The scan data were imported into the ROSA software system. We randomly selected 5 markers each time for the registration planning methods 1A, 1B, and 1C. As shown in Fig. 1 , in registration method 1A, the line of the probe tip was set in the groove of the bone screw marker. In registration method 1B, the line of the probe tip was shifted 0.5 mm toward the tip of the bone marker. In registration method 1C, the probe tip was shifted 0.5 mm away from the tail of the bone marker. Registration tests were conducted 15 times for each method. The data were analyzed using a t-test.
The Second Step: Clinical Study
The study was approved by the institutional review board and the ethics committee of the General Hospital of Shenyang Military Area Command. The study protocol followed the principles outlined in the Declaration of Helsinki. In our department, 71 patients underwent DBS surgery (140 sides) using the ROSA device between June 2016 and June 2017. Preoperative MRI (Siemens MAGNETOM Verio 3T Tim) scanning parameters were as follows: T2-weighted imaging (TR 3000 sec, TE 413 sec, matrix 260 × 256, slices 88, slice thickness 2.00 mm, voxel size 1 × 1 × 2 mm) and T1-weighted imaging (TR 1900 sec, TE 2.91 sec, matrix 260 × 256, slices 88, slice thickness 2.00 mm, voxel size 1 × 1 × 2 mm). The electrode (L-301, PINS Medical) was implanted in the subthalamic nucleus (STN).
3,4 Post-
FIG. 1.
Modified registration method in a skull model. In registration method 1A, the probe tip was set in the groove of the bone marker. In registration method 1B, the probe tip was shifted 0.5 mm into the tip of the bone marker. In registration method 1C, the probe tip was shifted 0.5 mm away from the tail of the bone marker.
operative CT (Discovery CT750, GE Healthcare) scanning parameters were as follows: spiral scanning, 100 KV, 350 mA, 5-mm slice thickness. Three-dimensional CT data were imported into the ROSA software system to create an image fused with the preoperative MR image. The electrode vector error was defined as the distance from the electrode's implanted position to its preoperative target as calculated by the ROSA software. The patients were divided into two groups, according to the different registration methods used. In group I, 33 patients (65 sides) underwent registration via the conventional method (method 2E) required by ROSA for DBS surgery, and registration errors were recorded.
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In group II, 38 patients (75 sides) underwent registration via four modified methods including 2A, 2B, 2C, and 2D (Fig. 2) . For method 2A, the line of the probe tip was set in the groove of the bone marker. For method 2B, the probe tip was shifted 0.25 mm toward the tip of the bone marker. For method 2C, the probe tip was shifted 0.5 mm toward the tip of the bone marker. For method 2D, the probe tip was shifted 0.75 mm toward the tip of the bone marker. Registration planning in all cases was performed by the same neurosurgeon to maximally exclude the impact of human factors. Registration errors were recorded for each method. The minimum registration error method was chosen for surgery. Registration and electrode vector errors, intraoperative electrophysiological signal length (IESL), and DBS power-on voltage were recorded. The primary measure of efficacy was the change in the Unified Parkinson's Disease Rating Scale (UPDRS) score and UPDRS Part III (UPDRS-III) score from baseline to 10 weeks after implantation. Before DBS surgery, the patients were tested for UPDRS values in the off-medication state. After DBS surgery, the patients were tested for UPDRS values in the off-medication/on-stimulation state.
Statistical Methods
The SPSS 19.0 software (IBM Corp.) was used for statistical analysis. In the skull model study, data for methods 1A, 1B, and 1C were analyzed using a t-test. In the clinical study, data for methods 2A, 2B, 2C, and 2D were analyzed using a t-test. For comparing group I and group II in the clinical study, we analyzed registration errors (methods 2E and 2C), postoperative vector errors, electrophysiological signal length, power-on voltage, and UP-DRS (UPDRS-III) score improvements by using a t-test. Correlation analysis between registration errors and postoperative electrode vector errors was conducted in both groups. A p value < 0.01 was significant.
Results
In the skull model study, the registration error (mean ± standard deviation) was 0.56 ± 0.11 mm for method 1A, 0.35 ± 0.11 mm for method 1B (vs. 1A, p < 0.001), and 0.90 ± 0.15 mm for method 1C (vs. 1A, p < 0.001). Method 1B had the smallest registration error (Table 1) .
In the clinical study, basic information for group I was as follows: 16 males, 17 females, mean age 64.7 ± 9.2 years, mean disease course 9.4 ± 2.6 years. Preoperative scores for UPDRS and UPDRS-III were 61.79 ± 16.56 and 30.00 ± 8.99, respectively. A total of 64 electrodes were bilaterally implanted in the STN, and one electrode was unilaterally implanted in the STN. Basic information for group II was as follows: 18 males, 20 females, mean age 65.0 ± 11.1 years, mean disease course 9.0 ± 2.5 years. Preoperative UPDRS and UPDRS-III scores were 66.32 ± 20.43 and 29.21 ± 10.04, respectively. A total of 74 electrodes were bilaterally implanted in the STN, and one electrode was unilaterally implanted in the STN. There were no significant differences in the basic information between groups I and II.
In the clinical study, method 2C was chosen for DBS surgery in group II because of its minimal error ( Table  1 ). The mean registration error was 0.62 ± 0.22 mm for group I (method 2E, 33 patients) and 0.27 ± 0.07 mm for group II (method 2C, 38 patients; p < 0.001). As shown in Table 2 , the postoperative electrode vector error was 0.97 ± 0.31 mm for group I and 0.65 ± 0.23 mm for group II (p < 0.001). Group II had a smaller registration error and postoperative electrode vector error. There was a positive correlation between registration error and electrode vector error in both groups (group I: r = 0.69, p < 0.001; group II: r = 0.71, p < 0.001; Fig. 3 ). The mean IESL was 5.0 ± 0.9 mm in group I and 5.8 ± 0.7 mm in group II, and the difference between the two was statistically significant (p < 0.001; Table 2 ). The mean DBS power-on voltage was 1.63 ± 0.44 V in group I and 1.48 ± 0.38 V in group II (p = 0.027). In the UPDRS score, group I showed 50% ± 16% improvement and group II showed 52% ± 18% improvement. In the UPDRS-III score, group I showed 52% ± 16% improvement and group II showed 53% ± 16% improvement. There was no statistically significant difference in improvement in the UPDRS (p = 0.724) or UPDRS-III (p = 0.831) scores between the two groups ( Table 2) .
Discussion
During the past 3 decades, DBS has become an established treatment for movement disorders and other indications, with more than 120,000 patients worldwide currently implanted with a DBS device.
11 Precision is considered to be the basic requirement and key factor in DBS.
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The STN, a frequent target in DBS surgery, is small and has a deep location.
11, 16 The ability to accurately target and precisely control stimulation can theoretically improve the effectiveness of DBS while avoiding side effects, but given the novelty of this approach, there is no firm clinical evidence. 3, 4, 11, 19 Electrode implantation for DBS can be performed in numerous ways, but the current gold standard is the use of frame-based systems for accuracy. 10 Recently, the ROSA device has gained interest. Our team found that the postoperative electrode vector error when assisted by ROSA was 0.68 ± 0.43 mm in the x-axis and 0.63 ± 0.29 in the y-axis in DBS surgery. 20 In a subsequent study, we found a modified registration method can reduce the errors.
Registration is the first step in ROSA-assisted surgery.
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Its purpose is to make a corresponding relationship between the spatial position of the patient's head and 3D data in the ROSA software. The registration error is an indicator of the degree of coincidence between the two data sets. The smaller the registration error is, the higher the coincidence for each point on the head and its corresponding position in ROSA. After registration, the robotic arm can be guided to any site of the head. 12 In clinical practice, we found that registration errors and the accuracy of electrode implantation may be related. Modified registration in DBS surgery has not been previously reported.
Hence, our team first conducted a skull model test, which showed that the registration error is related to the position of the virtual probe tip in registration. Shifting the probe tip inward can reduce the error, and outward movement can increase the error. However, its suitability for intraoperative registration, the distance of this type of modification for intraoperative registration, and how to achieve a minimum error remain unknown. In this study, our team designed a clinical modified registration test. We found that the error with method 2C (the probe tip shifted 0.5 mm toward the tip of the bone marker) was the smallest among all of the registration methods. If the inward modification distance was further increased, the error increased. Data from our clinical study correlated with data from the skull model test. Therefore, registration errors can be modified by adjusting the distance between the probe tip and the bone markers during the registration 
FIG. 3.
Errors for all patients were marked. Correlation analysis between registration errors and postoperative electrode vector errors was conducted in both patient groups. There was a positive correlation in both groups (group I: r = 0.69, p < 0.001; group II: r = 0.71, p < 0.001).
planning process, and there is a relative optimum value for the correction distance.
Our clinical study showed a positive correlation between the registration error and the postoperative electrode vector error in both groups-the smaller the registration error, the smaller the electrode vector error. This indicates that registration error is a key factor in determining the postoperative electrode vector error. Measures can be taken to reduce the registration error to bring the postoperative electrode position closer to the target in order to improve the accuracy of DBS surgery. With the modified registration method with its smaller vector errors, patients had a lower postoperative DBS power-on voltage, which may facilitate a longer DBS battery life. There was no difference between the two groups in the improvements on UPDRS and UPDRS-III scores at 10 weeks after surgery. The long-term effects of the modified registration method need to be further observed and evaluated.
The registration error can be modified, perhaps due to the metal artifact of the bone marker in the CT image. When creating the registration plan, shifting the probe tip 0.5 mm toward the tip of the bone marker can modify some errors. After using the modified ROSA registration for DBS surgery, we found that the error was smaller than that with conventional registration. The postoperative electrode vector errors with the modified ROSA registration were smaller than those with a frameless system, 13 the Nexframe head frame system, 2 and the Leksell head frame system. 14 Reducing the registration error directly impacts the accuracy of DBS surgery. Registration errors of bone markers result from the discrepancy between the spatial location of the head and its spatial coordinates in the ROSA system. 1, 18 The main sources of registration errors can include the following: 1) error caused by personnel manipulation, 2) image error such as image artifacts of the bone marker, 3) robot system error, and 4) physical factors caused by deformation of the object. 8, 9 In fact, many variables influence the modified distance of the artifact error in the registration plan. Different robots, different bone markers, different CT scanners, different scan parameters, and other factors would affect the modified distance. We have introduced a modified method and evaluated its results. Therefore, neurosurgeons in different hospitals can perform the skull model test to find the optimal modified distance and then apply it to DBS surgery.
Conclusions
A positive correlation was found between the registration error and the electrode vector error in ROSA-assisted DBS surgery. Our modified registration method could reduce registration errors and electrode vector errors. The results of this study suggested that the modified method can further improve accuracy to about 0.6 mm. With the modified registration method, patients had a smaller postoperative DBS power-on voltage. The UPDRS or UPDRS-III score improvement was similar to that of the conventional registration group at 10 weeks after surgery. The long-term effects of the modified registration method need to be observed and evaluated further.
